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ABSTRACT

In photon upconverting core-shell nanoparticles, structure strongly dictates performance. Typical imaging in scanning transmission electron
microscopy has sufficient resolution to probe the atomic structure of these nanoparticles, but contrast, dose, and projection limitations make
conventional methods insufficient for fully characterizing these structures. Phase retrieval techniques provide a promising alternative imaging
mode, and, in particular, multislice electron ptychography can recover depth-dependent information. Here, we study beam-sensitive photon
upconverting core-shell nanoparticles with a multislice ptychography approach using a low electron dose to avoid damage. Large strain fields
arise in these heterostructures due to the mismatch in lattice parameter between the core and the shell. We reconstruct both a nanoparticle
that appears defect-free and one that has a large break in the side and map the distribution of strain in 3D by computing distortion fields
from high-resolution potential images of each slice. In the defect-free nanoparticle, we observe twisting of the shell, while in the broken nano-
particle, we measure the 3D position of the crack, the core, and dislocations. These results highlight the advantage of multislice electron pty-
chography to recover 3D information from a single scan, even under strict electron dose requirements from beam-sensitive samples.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0206814

Scanning transmission electron microscopy (STEM) imaging is a
powerful tool to provide direct characterization of atomic-scale fea-
tures in materials." The small probe size of the converged beam allows
for routine imaging of nanoscale defects.”” Conventional bright- and
dark-field STEM images are formed by collecting scattered electrons at
a fixed angular range with monolithic integrating detectors. Despite
the great success of these techniques in high-resolution characteriza-
tion, conventional imaging modalities possess several limitations.
STEM images are 2D projections of a 3D object, causing overlapping
features to potentially be misinterpreted.” Bright- and dark-field imag-
ing modalities are relatively dose inefficient, which limits their applica-
bility for beam-sensitive materials.” Additionally, high angle annular
dark-field (HAADF)-STEM, which is the most common STEM imag-
ing configuration, has a nonlinear dependence on the atomic number
of the species.” This composition-dependence leads to straightforward
image interpretation, but dark-field imaging produces little to no

contrast for low atomic number elements in most samples. For these
reasons, there has been growing interest to develop STEM methods
which overcome these limitations.’

Advances in hardware and software have led to the wide imple-
mentation of four dimensional (4D)-STEM techniques.” Instead of
using conventional detectors, 4D-STEM experiments record full dif-
fraction patterns at each probe position, which contain extensive struc-
tural information not accessible with conventional imaging modalities.
Far-field pixelated detectors collect the intensity of the scattered wave,
but the phase created by the interaction of the beam and sample is lost.
Most of the information about the specimen is encoded in the phase of
the electron exit wave, especially for weakly scattering samples.
Techniques that recover the phase of the specimen provide dose-
efficient characterization of weakly scattering materials, even in a
matrix of heavy atoms.” There are a variety of TEM phase measure-
ment methods including high-resolution transmission electron
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microscopy, holography, segmented-differential phase contrast, and
4D-STEM based approaches such as differential phase contrast, paral-
lax, and ptychography.” ' Iterative electron ptychography algorithms,
while more computationally demanding, are particularly powerful
phase retrieval techniques. Ptychographic methods solve both the
object and probe with a resolution limit set by the maximum scattering
angle and allow for aberration correction in post-processing and
super-resolution imaging.”"”

Multislice ptychography is beneficial for strongly scattering sam-
ples and allows for recovery of depth-dependent information.'”"” In
single slice ptychographic algorithms, the update for each iteration is
calculated from a comparison with the experimental diffraction pat-
terns and a projection computed by simple multiplication of the object
and probe. As the object becomes more strongly scattering and the
probe travels further through an object, this multiplicative assumption
breaks down, leading to artifacts in the reconstruction. Instead, it is pos-
sible to replace the object with thin slices spatially separated along the
beam direction [Fig. 1(a)].” In the forward projection, alternating trans-
mission and free-space propagation steps are applied to each slice to
account for changes with depth. For the backward update, the inverse
operations are applied. When properly regularized and converged, mul-
tislice ptychography can partition the potential into slices correspond-
ing to 3D information from the object. A variety of studies have
demonstrated how scanning diffraction data encode depth information
about a specimen, which can be reconstructed with post-processing,'*"”
Recent work and our simulations in the supplementary material have
shown how multislice ptychography algorithms can make use of this
depth information to characterize 3D structural features in a sample
including defects.””" >’ These reconstructions have primarily explored
single crystal samples using a high electron dose.

As a comparison, depth sectioning can also be performed with a
series of images taken in conventional STEM modes at different defo-
cus values. While more straightforward to implement, elongation arti-
facts can limit resolution along the direction of propagation of the
beam, and these methods have the same dose and contrast challenges

a multislice ptychography b pristine particle

C

broken particle

FIG. 1. (a) Geometry of a multislice ptychographic reconstruction using a defocused
electron probe, where the sample is broken into slices along the beam direction.
Arrows show forward and backward propagation during multislice reconstruction.
HAADF-STEM imaging of (b) a pristine SrYbFs:1%Tm@CaF, nanoparticle and
(c) a nanoparticle containing a large crack at the bottom indicated by arrow.
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concomitant with STEM imaging.”* Atomic electron tomography
(AET) can provide full atomic resolution in all dimensions.”” AET
experiments use a series of images collected over many tilt projections,
but these studies are generally limited to smaller volumes.
Simultaneous imaging of heavy and light elements in 3D is possible
with phase imaging approaches at each tilt.”" These are technically
more difficult experiments, especially under strict dose constraints, and
they require much more computational power for reconstruction.””

Upconverting nanoparticles are Ln>*-doped nanocrystals that
convert infrared light to visible light and have significant interest for
bioimaging,”* *’ optical materials,’"* and nanopatterning.”’ The
addition of inert inorganic shells of Ln’*-doped cores improves
upconversion efficiency by 1-2 order of magnitude.”””> The depen-
dence of performance on structure underscores the importance of
characterizing these nanoparticles at high resolutions.

Core-shell SrYbFs:1%Tm@CaF, particles are difficult to charac-
terize with conventional imaging: these beam-sensitive upconverting
nanoparticles damage under large doses, and the fluorine atomic con-
stituents are challenging to image. Thus, we employed multislice pty-
chography to measure the structure of these core-shell nanoparticles.
Details about the sample synthesis, experimental measurements, and
reconstruction parameters are given in the supplementary material.
We characterized the structure of two nanoparticles: one that appears
pristine and one with a visible crack in the side [Figs. 1(b) and 1(c)].
Because we have reconstructed the atomic potential with depth resolu-
tion, we are able to map the depth-dependent strain fields and defect
positions. This work demonstrates the dose-efficient nature of multi-
slice ptychography and extends this approach to strain and defect
mapping of larger, complex material systems.

A HAADF-STEM image of the SrYbFs:1%Tm@CaF, core-shell
nanoparticle is shown in Fig. 1(b), and more images are shown in Fig.
S1 and in prior work.”® The compositional contrast of the dark-field
image mabkes it straightforward to distinguish between the core and the
shell. These nanoparticles have an approximate shell thickness of
3.5 nm, although as shown in Fig. 1(b), the core can be off-center. It is
not possible to observe the fluorine atoms in the dark-field image.
Most of the particles were intact, but in some cases, we observed split-
ting of the shell, as shown in Fig. 1(c) and Fig. S1(b). We hypothesize
that these cracks form in response to the large strain fields caused by
the difference in lattice parameter between the core and the shell. Both
SrYbFs; and CaF, have a cubic structure. SrYbFs has a unit cell side
length of 5.7 A, while CaF, has a unit cell dimension of 5.5 A%

We characterized the nanoparticle shown in Fig. 1(b) using a gra-
dient descent multislice approach implemented in the open-source
DPy4DSTEM toolkit.””” We constrain the object to be a positive poten-
tial object, and slices from a top, middle, and bottom are shown in
Fig. 2, with all 1.2 nm slices shown in Fig. S2. Given the low electron
dose (5x10° e /A% demanded by these beam-sensitive structures,
additional regularization was applied on the probe and object to help
with convergence, with details provided in the supplementary material.
The ptychographic reconstructions reveal the structure more clearly as
the fluorine atoms become visible (Fig. S3). Depth-dependent informa-
tion shows that the particle is more complex than previously under-
stood from dark-field imaging. The contrast in the reconstructed
potential is sensitive to tilt. Areas where the lattice is aligned with the
electron beam, such that the specimen is on zone, appear bright, while
tilted regions appear dim. The multislice reconstruction uncovers that
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FIG. 2. (a)—(c) Top, middle, and bottom slice reconstruction of core-shell nanoparticle in Fig. 1(b), and their corresponding masked (d)~(f) dilation and (g)(i) rotation maps.

the tilting of the nanoparticle changes with depth, suggesting twisting,
especially of the shell. In Fig. 2(a), a slice from the top of the particle,
the center, and bottom portion of the particle is on zone. However, a
slice from further down the nanoparticle [Fig. 2(c)] shows the area in
the opposite corner is on zone, as indicated by the arrows.

We have calculated maps of the sample strain using geometric
phase analysis (GPA) of each slice of the reconstruction.”® More details
about strain and structural analysis can be found in the supplementary
material. Figures 2(d)-2(f) show the strain dilation (sum of in-plane
strain in both directions) from these slices and the corresponding in-
plane rotation [Figs. 2(g)-2(i)] from the strain tensor. The dominant
feature in these images is the large dilation due to the lattice mismatch
between the core and the shell. Additional strain accumulation at the
interface between the core and the shell and dipoles are present in the
top slice indicating more defects near the top.

The strain maps were masked in real space based on the magni-
tude of the Fourier components used for the strain analysis as shown
in Fig. S4. Because GPA uses a finite mask around each Bragg peak
considered, it has a non-zero “kernel size” in real space and will pro-
duce strain measurements dilated by the size of this kernel. While we
attempted to determine an accurate mask for the strain maps in an

unbiased manner, noise in the low spatial frequency components could
distort the mask edges. Moreover, the mask uses a sharp cutoff instead
of a soft edge, so by nature, the strain profiles are more reliable away
from the edge of the particle. For example, the dipoles at the edge of
Fig. 2(d), especially in the upper right corner, may indicate a disloca-
tion or an artifact from the strain mapping.

We apply a similar analysis approach to the broken particle, as
shown in Fig. 1(c), and the results are shown in Fig. 3 with all slices
shown in Fig. S5. In this case, we do not observe as much tilting of the
particle, but instead see the evolution of the crack morphology as a
function of depth. In particular, the depth-dependent contrast suggests
that the crack is growing toward the top of the particle. This feature is
also reflected in the rotation maps. The magnitude of the rotation in
the top slice [Fig. 3(g)] is much larger than in the middle [Fig. 3(h)] or
bottom [Fig. 3(1)], suggesting the particle is being pulled apart as the
crack expands. The dilation maps also show multiple strain dipoles
corresponding to lattice dislocations and more compressive strain near
the break.

To better understand the architecture of the broken particle, we
estimated its 3D structure. Figure 4(a) shows the surface of the particle,
which was calculated using the magnitude of the Fourier peaks from
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FIG. 3. (a)-(c) Top, middle, and bottom slice reconstruction of core—shell nanoparticle in Fig. 1(c

a crack larger at top b dislocations

core towards bottom

FIG. 4. (a) Surface of particle in Fig. 3 estimated from particle edge in potential sli-
ces. (b) Internal structure shows shell (purple) and core position (black) and disloca-
tions (in blue and red).

the lattice. In agreement with the rotation maps in Fig. 3, the crack is
largest toward the top of the particle. We can probe the location of the
core relative to the shell by measuring an order parameter correspond-
ing to the relative intensities of the two sublattices with different com-
positions (measured from the Bragg peak intensities of the image
Fourier transforms), which is shown in Fig. S6. From this analysis, we

h-
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), and their corresponding masked (d

find the core is also off-center along the beam direction, positioned
closer to the bottom of the particle. Finally, we can also plot the posi-
tion of dislocations with in-plane Burger vectors in each slice (Fig. S7).
We use Bragg filtering on two of the lattice peaks as indicated in Fig.
S8 to plot the dislocation positions in each slice [Fig. 4(b)]. We find
dislocations forming toward the edge or interface between the core
and shell in the nanoparticle, with some traveling through the full
depth.

Work with upconverting nanoparticles which are exceptionally
sensitive to changes in quenching’” has shown that defects at the core/
shell interface underlie photoswitching,”” and that minor variations in
shell thickness can mediate large changes in upconversion efficiency,”*
although the origins of both effects are poorly understood.” The
methods described here for characterizing the core-shell interface offer
a promising route for exploring mechanisms that arise from interfacial
strain or structural defects.

This work highlights both the limitations and benefits of multi-
slice ptychography. Ptychographic reconstructions require solving
high-dimensional, non-convex, inverse scattering problems, which
becomes additionally difficult with experimental artifacts such as probe
position jitter and sample limitations such as electron dose constraints.
It can be a challenge to converge low spatial frequency features for iter-

ative ptychographic methods when using a large convergence angles,
especially at low electron doses.””” Our reconstructions are susceptible
to these artifacts, such as the extra intensity at the edge of the particle
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as shown in Figs. S2 and S5. These intensity fluctuations could create
spurious strain artifacts, such as some of the strain features on the
edges of particles in Figs. 2 and 3. Here, we converge the normalized
mean squared error to ensure internal self-consistency and employ
regularization constraints on the reconstructed probe and object to
reduce the available solution phase-space and arrive at a physical solu-
tion. While the algorithms converge to a feasible solution, there are no
formal guarantees this will be the optimal solution.

The maximal achievable resolution along the beam direction in
multislice ptychography is currently limited to the nanometer scale,'”
and in this study, the resolution is approximately 3.8 nm (Fig. S9).
Therefore, additional caution should be exercised in interpreting fea-
tures in a single 1.2nm slice, as compared to trends which extend
between slices. Figure 4, for example, shows dislocations which tra-
verse many slices giving additional credence to their interpretation.
Features tend to get more blurred out and lengthened along the direc-
tion of travel of the electron beam. This artifact makes quantification
of the absolute aspect ratio and of the termination of top and bottom
surfaces challenging without additional information. Both a larger con-
vergence angle and a higher electron dose would better resolve out-of-
plane features. Collecting additional scans at other tilt angles would be
especially valuable to provide information about the changing mor-
phology of the particle along the direction of propagation of the beam.
Because of the limited depth resolution of this study, we can only mea-
sure the in-plane components of the strain tensor, though we have
demonstrated the depth-dependence of these deformations.

Despite these limitations, this work demonstrates how multi-
slice ptychography can resolve out-of-plane structural features from
a single scan at relatively low dose. Our simulations shown in Figs.
§10 and S11 highlight the effectiveness of multislice ptychography in
reconstructing the changing morphology of a structure with depth.
We show dislocations traversing the depth of a particle. With multi-
slice simulations at conditions that match our experimental parame-
ters, we are able to recover the positions of the defects and resulting
strain fields. While real world samples are more complex as they
contain multiple dislocations, tilt, and cracks, these computations
emphasize the power of multislice ptychography to recover small
changes in materials along the direction of propagation of the beam.
Moreover, our own experimental work with a challenging sample
highlights how multislice ptychography lends itself to the characteri-
zation of large, heterostructures and defects in materials, suggesting
the broader applications of this technique in materials science and
engineering.

See the supplementary material for methods details, supporting
figures, and videos showing all the slices from the reconstructions.
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